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Abstract: Lung cancer remains a major cause of cancer-related deaths worldwide with unfavourable prognosis

mainly due to the late stage of disease at presentation. High incidence and disease recurrence rates are a fact

despite advances in treatment. Ongoing experimental and clinical observations suggest that the malignant

phenotype in lung cancer is sustained by lung cancer stem cells (CSCs) which are putative stem cells situated

throughout the airways that have the potential of initiating lung cancer formation. These cells share the common

characteristic of increased proliferation and differentiation, long life span and resistance to chemotherapy and

radiation therapy. This review summarises the current knowledge on their characteristics and phenotype.

Keywords: Stem cells; lung cancer; phenotype; characteristics; stem cell markers

Submitted Sep 23, 2015. Accepted for publication Nov 13, 2015.

doi: 10.21037/tl¢r.2016.02.01

View this article at: http://dx.doi.org/10.21037/tlcr.2016.02.01

Introduction

Lung cancer is considered to be a pandemic with major
financial and social consequences (1). It is estimated to
be responsible for nearly 1.59 million deaths worldwide
(19.4% of all cancers in total) (2,3). In the last years, there
is growing evidence that solid tumors are composed of cells
with different biological properties. Despite advances in
definitive local and/or systemic treatment, lung cancer has
the remarkable ability to recur suggesting that minimal
residual disease contains a cell population that sustains
its capability to grow despite treatment. This enormous
capacity for self-renewal and regeneration is a biological
function typical for normal somatic stem cells therefore this
particular cell population within tumors is termed ‘cancer
stem cells’ (CSCs) (4,5). In this review we give an overview
of lung CSCs characteristics and different phenotypes.

The CSC hypothesis

The CSC hypothesis dates back to the mid-19" century.
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Rudolph Virchow and Julius Cohnheim were the first
to identify histological similarities between developing
foetuses and certain types of cancers such as teratomas (6,7).
This led them to the hypothesis that cancer cells were the
results of activation of embryonic tissue remnants rather
than occurring spontaneously. They suggested that cancer
is a hierarchically heterogeneous cell population that is
dominated and sustained by a very small subpopulation
of cancer cells with the property of self-renewal and
differentiation (6,7).

On this background, Bonnet and Dick were the first to
isolate a subpopulation of CD34+ CD38- acute myeloid
leukemia (AML) cells that were capable of initiating
hematopoietic malignancy in transplanted mice from
human patients with AML. These cells possessed the
capacity to self-renew, proliferate, and differentiate (8).
Following this major scientific breakthrough, proposed
CSCs are thought to be responsible for cancer initiation,
progression, metastasis, recurrence, and drug resistance
and several attempts have been made to isolate them from
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various organ sites including the lung (9-14).

In light of the CSC model, normal stem cells can be
considered as the primary tumorigenic cells endowed
with some properties typical of malignant cells such as the
activation of survival pathways and the ability of indefinite
proliferation. This is a favourable background for oncogenic
mutations to occur and in this case the finely regulated
growth potential of normal stem cells can turn into the
uncontrolled growth of cancer cells. These cells do not
only have the ability of expanding in vifro as tumor spheres
but they can also reproduce the original tumor when
transplanted in immunodeficient mice (9). Therefore, the
CSC are able to expand the CSC pool and also differentiate
to give rise to heterogeneous, non-tumourigenic cells that
make up the bulk of the tumor and ultimately define the
histological type of the cancer. Furthermore, stems cells
express anti-apoptotic and drug resistant proteins at high
levels and this can justify the fact that systemic treatment
can be effective in treating the majority of lung tumors
but remains ineffective against metastasis and disease
recurrence. Should the CSC hypothesis be confirmed, then
their therapeutic targeting has the potential to delay or
prevent disease progression and recurrence.

Lung stem cell characteristics and their
potential implication in lung cancer

The actual origin of CSC is currently a matter of debate
however the most popular hypothesis is that they originate
from normal tissue-specific stem cells in their tissues
of origin (15,16). Tissues with rapid proliferation (e.g.,
intestinal epithelium) are likely to present the typical
stem cell hierarchy where stem cells produce progenitor
cells giving rise to fully differentiated cells. However, the
identification of the origin of stem cells in the lungs poses
a challenge as the lung epithelium is quiescent with the
tracheal and bronchiolar epithelia having a proliferative
fraction of merely 0.06-1.3% (17). In addition to that, it
has been questioned whether slowly renewing tissues can
host stem cells (18,19). All the above in combination with
cellular heterogeneity and complex structure of the lung
justify the slow pace in lung CSC research.

Anatomical sites
Trachea and main bronchi

The tracheal epithelium consists mainly of columnar and
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mucus secreting goblet cells. Proliferative fraction is fairly
low unless pollutant or pathogen-induced epithelial injuries
trigger a rapid proliferation in surviving cells to repair
the tissue (17,20). In this case, lung cells, with the ability
to differentiate, start proliferating and act as progenitor
cells that can generate several different cell types (21). Cell
proliferation starts 48-72 h post injury and the epithelium
is regenerated in 24 weeks (22).

Initial attempts to purify and characterize airway
epithelial stem cells were made by Schoch ez 4l. (23) who
studied mouse models and identified increased keratin five
promoter activity in a subset of tracheal epithelial basal cells
that presented stem cell-like behavior and formed colonies.

Hajj et al. studied the same group of cells in human
tracheas and showed that the epithelial basal cells can
differentiate and proliferate to form a fully differentiated
mucociliary and functional airway epithelium (24). Similar
activity has been identified by in vitro studies where
human bronchial basal cells are capable of self-renewal
and differentiation as confirmed by the formation of
heterogeneous spheres (25,26).

Consequently, basal cells are a stem cell population
and any imbalance between their proliferation and
differentiation can lead either to basal cell hyperplasia or
epithelial hypoplasia. These changes can contribute to
squamous cell metaplasia or dysplasia that are precursors of
squamous cell lung carcinoma (26,27).

Bronchioles and alveoli

Non-ciliated Clara cells are located in the bronchiolar
and alveolar epithelium and their aim is to protect it.
Their isolation is challenging and therefore most of the
available data come from #n vitro studies. They were initially
suggested as stem/progenitor cells as it was observed
they could self-renew and differentiate into ciliated cells
after exposure to oxidant induced damage (28). However,
their role as progenitor cells has been disputed after the
use of a new biomarker [Clara cell secretory protein
(CCSP)] identified murine lung CCSP-expressing cells
that presented with a stem cell-like behavior; expression of
stem cell markers CD44, CD133, and Sox2; bronchosphere
colony formation; and self-renewal capacity (29). These
cells were variant Clara cells, type A cells, OCT4-expressing
stem cells, and bronchioalveolar stem cells (29-32).

Both variant Clara cells and nearby pulmonary
neuroendocrine cells (PNECs) have been shown to
proliferate and participate in regeneration of rodent
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Figure 1 Possible sites of tumor initiation and the possible stem/progenitor cells involved in each type of lung cancer.

epithelium following naphthalene exposure whereas by
acting independently they do not seem to present both
properties (30-32). It is of note that small cell lung cancer
(SCLC) predominately localizes to the midlevel bronchioles
and is associated with primitive neuroendocrine features,
such as expression of the neuropeptide calcitonin-gene
related peptide (CGRP) (30). This resembles the behavior
of PNECs and potentiates that PNECs may be the origin
of SCLC.

Bronchioalveolar stem cells are located in the
bronchioalveolar duct junction, the branch point between
a terminal bronchiole and the alveolar space. They can
express both CCSP and type II cell markers (SPC-alveolar
type 2 cell specific marker pro-surfactant apoprotein-c)
therefore reflecting stem cell behavior for both bronchiolar
and alveolar epithelium (33).

Jackson et al. (34) suggested that tumors triggered by
the activation of oncogenic K-Ras derive from cells in the
bronchioalveolar duct junction that express CCA (Clara
cell specific marker) and SPC. Kim er a/. explored this
further and showed that these double positive stained
cells (bronchioalveolar stem cells) are quiescent in normal
lung homeostasis but proliferate after causing lung
injury with naphthalene and bleomycin treatment (33).
Bronchioalveolar stem cells have the ability to self-renew
and differentiate and they would constitute good targets
for deleterious mutations therefore having the potential
to transform into CSCs. Indeed, serial section analysis
has showed that Lox-K-Ras adenomas frequently
developed near terminal bronchioles. The identification of
bronchioalveolar stem cells at the bronchioalveolar duct
junction hints that bronchioalveolar stem cells are potential
cancer originating stem cells. Figure 1 shows possible sites
of tumor initiation and the possible stem/progenitor cell
each type of cancer originates from. Squamous cell lung
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cancer which is usually centrally located is proposed to
develop from transformed basal cells. SCLC which usually
occurs in the midlevel bronchioles is proposed to develop
from malignant PNECs while adenocarcinomas (ACs) are
proposed to derive from transformed bronchioalveolar stem
cells as they occur in the distal airways.

Kajstura et al. (35) has recently provided evidence
suggesting the existence of human lung stem cells. In his
in vivo mouse model, clonal human lung stem cells divided
asymmetrically and generated bronchioles, alveoli, and
pulmonary vessels of various dimensions. Furthermore,
he obtained human lung stem cells from regenerated
lung tissue that were able to self-renew and create lung
parenchyma. The newly regenerated pulmonary structures
were immuno-histochemicaly identified by the recognition
of human sex chromosomes and human transcripts of
epithelial and vascular genes within the regenerated mouse
lung (36,37). The detection of human X chromosome
in regenerated type II alveolar epithelial cells, suggested
the capacity of the human lung stem cells to terminally
differentiate iz vivo into functional, highly specialized cells
that secrete SPC which is a critical determinant of alveolar
function and lung performance.

Lung CSC markers and phenotypes

Biomarkers have been widely used in stem cell research to
identify and classify tumourigenic and non tumourigenic
cell types. These cells are passaged through various assays
to determine tumourigenicity and expression of biomarkers;
one such method is the detection of side-population (SP)
phenotypes (38,39).

SP phenotyping is based on the differential ability of the
cancer cells to efflux Hoechst 33342 dye, as imparted by the
ATP-binding cassette family of transporter proteins present
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Table 1 Potential lung CSC markers and their molecular/cellular functions
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Markers Cellular/molecular function CSCs
CD44 Hyaluronic acid receptor NSCLC; breast; hematopoietic
uPAR/CD87 Urokinase plasminogen activator (uPA) receptor SCLC
CD90 Tissue specific differential glycosylation NSCLC
CD117 Growth factor receptor NSCLC; neuroendocrine lung; hematopoietic
CD133 Unknown Lung, brain, colon, pancreas
CD166 Activated leukocyte cell adhesion molecule (ALCAM) NSCLC, SCLC
ALDH Alcohol metabolism Lung; hematopoietic, breast, prostate
BMI-1 Represses the tumor suppressor phosphatase and tensin homolog NSCLC, SCLC
(PTEN)
EpCAM Cell-cell contact adhesion strength and tissue plasticity NSCLC
FzD Progression development, morphogenesis drug resistance NSCLC
PODXL-1 Sodium-hydrogen exchange regulatory cofactor 2 SCLC
PTCH Differentiation, branching morphogenesis SCLC
SP Drug resistance Squamous lung carcinoma/NSCLC; hematopoietic,
brain, breast
ALDH Early stem cell differentiation NSCLC

uPAR, urokinase plasminogen activator receptor; CSCs, cancer stem cells; SCLC, small cell lung cancer; ALDH, aldehyde dehydrogenase;
PODXL-1, podocalyxin-like protein 1; SP, side-population; FZD, frizzled receptors; PTCH, patched gene; EpCAM, epithelial cell adhesion

molecule.

on the cellular membrane (39) However, the Hoechst dye is
toxic to the cells and also some stromal cells may present dye
exclusion properties and consequently this can be a challenging
process (40). Therefore, identification and validation of lung
CSCs has been obstructed by the complexity of the disease,
diverse cellular behavior to the identification process and
incomplete understanding of the hierarchical structure of lung
epithelial stem cells (7). The most commonly used lung CSC
markers are CD44 and CD133. Table 1 provides an overview
of currently used lung CSC markers.

CD44

CD44 is a transmembrane glycoprotein that binds
hyaluronic acid, an abundant polysaccharide in stem cell (41),
to facilitate adhesion, differentiation, homing, and
migration within normal and CSC. CD44 is considered to
be a key player in identifying CSCs as it regulates adhesion,
differentiation, homing, and migration.

In lung cancer models, increased CD44 expression
was initially reported in activated type II pneumocytes,
squamous metaplasia, and NSCLC cells suggesting it may
play a role in disease progression (42).

Leung ez al. (43) reported that a subpopulation of CD44+
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NSCLC cells were capable of spheroid body formation and
in vivo tumor initiation. CD44+ cells expressed the
pluripotency genes OCT4, NANOG and SOX2 while these
markers were lost in CD44-cells. It is of note that CD44+ cells
were cisplatin-resistant and CD44 expression was associated
with squamous cell carcinoma (SCC) but unexpectedly, a
longer survival was observed in CD44-expressing ACs. CD44
is a potential CSC marker of NSCLC cell lines.

However, Wang et al. (44) confirmed and extended the
above findings by showing that the CD44+ potential of
sphere formation and mesenchymal morphology is also
present in SCLC and large cell carcinoma (LCC). The
team chose to study primary cell lines rather than surgical
specimens as the latter could be restrictive due to the low
number of cells available from surgical specimens. Therefore,
they studied cell lines derived from four representative
lung cancer subtypes (SCLC, LCC, SCC and AC).
In this study, co-expression of CD90 further narrowed
down the putative stem cell population as spheroid-forming
cells were mainly found within the CD44+ CD90+ sub-
population which also revealed mesenchymal morphology,
increased expression of mesenchymal markers N-Cadherin
and Vimentin, increased mRNA levels of the embryonic
stem cell related genes Nanog and Oct 4 and increased

Transl Lung Cancer Res 2016;5(3):272-279



276

resistance to irradiation compared to other sub-populations
studied, therefore suggesting the CD44+ CD90+ population
as a good candidate for the lung CSCs.

Both CD44+ CD90+ and CD44+ CD90- cells derived
from SCCs formed spheroids, whereas the CD44- cells
were lacking this potential. These results indicate that
CD44+ CD90+ sub-population may represent CSCs in
SCLC and LCCs, whereas in squamous cell cancer, CSC
potentials were found within the CD44+ sub-population.

Basak er al. (45) studied the presence of CSC in
malignant pleural effusions and reported CD44 as a possible
stem cell marker but the characterization of stem cell-like
properties was based on in vitro molecular analysis and
cellular expansion only while Leung ez a/. (43) reported both
in vitro and in vive tumorigenecity of CD44+ cells.

CD133

CD133 (Proml), a cell surface glycoprotein, has been used
to identify CSC in lung cancer. Eramo ez a/. (9) studied cell
lines from both SCLC and NSCLC (squamous cell/adeno/
large cell neuroendocribe carcinomas) in conditions that
enabled the selective growth of undifferentiated CD133+
cells. The CD133+ cells developed into a homogenous
population and then proliferated as tumor spheres which
in turn formed differentiated progeny that displayed
phenotypic features of lung cancer cells. This has shown
that lung cancer spheres are made of undifferentiated cells
that under certain circumstances can differentiate into cells
that resemble the majority of cells in the original tumor.

CD133-positive cells were also resistant to chemotherapy
and expressed high levels of ATP-binding cassette G2,
suggesting an SP phenotype. The same group of cells was
linked to shorter progression-free survival of NSCLC
patients treated with platinum-based regimens, therefore
explaining the poor therapeutic efficacy of chemotherapy
on lung cancer patients .

However, the role of CD133 expression as a prognostic
marker in NSCLC has been debated (46-51). CD133 has
been found to be significantly correlated with pathological
stages II-IV in NSCLC and was an independent poor factor
for prognosis (49) however, Salnikov et al. (51) reported
CD133 may be used as a predictor for efficacy of cytotoxic
therapy, but it does not represent a prognostic marker for
positive in NSCLC.

Other lung CSC markers
The aldehyde dehydrogenase (ALDH) family is cytosolic
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isoenzyme responsible for oxidizing intracellular aldehydes,
thus contributing to the oxidation of retinol to retinoic acid
in early stem cell differentiation (52,53). Jiang et al. (54)
were the first to isolate ALDHI1-positive cells from human
lung cancer cell lines and showed ALDH]1-positive cancer
cells exhibited the important CSC properties: in vitro self-
renewal, differentiation, and multidrug resistance capacities,
expression of stem cell marker, in vivo tumor initiation, and
occurrence of a heterogeneous population of cancer cells.
Furthermore, they analyzed ALDHI expression in 303 lung
tissues from three different populations of patients with
lung cancer, and reported that increased ALDHI protein
levels were positively associated with stage and grade of the
tumors and inversely related to the patients’ survival (45).

CD166 [activated leukocyte cell adhesion molecule
(ALCAM)], is involved in angiogenesis, differentiation,
homing, and maintenance of hematopoietic stem cells.
CD166 has been recently proved to be expressed by a
subpopulation of CSCs that in vive had the capacity for
self-renewal and could also generate primary and secondary
xenograft tumors that phenotypically mimicked the
parental patient tumor (54). CD166 positive cells formed
self renewing spheres in vitro. It is of note that CD166
positive derived spheres could initiate iz vivo tumorigenesis.
However, knockdown of CD166 expression in the CSCs
did not significantly affect tumorigenicity demonstrating
CD166 is an inert surface marker capable of enriching for
lung CSCs.

The urokinase plasminogen activator (uPA) and
urokinase plasminogen activator receptor (WPAR/CD87)
are major regulators of extracellular matrix degradation
and are involved in cell migration and invasion under
physiological and pathological conditions (55). uPAR are
directly involved in the inhibition of apoptosis and may
define a functionally important population of cancer cells
in SCLC, which are resistant to traditional chemotherapies
and also possess enhanced clonogenic activity in
vitro. Gutova et al. (56) showed that uPAR-positive
cells were more resistant to treatment with the cytotoxic
agent 5-FU, while uPAR-negative cells were killed much
more efficiently.

BMI1 polycomb ring finger oncogene (BMI-1) is
also involved in stem cell cycle regulation and plays an
integral role in self-renewal and maintenance of normal
lung epithelial, BASCs and CSCs (57,58). In epithelial
cells BMII represses the tumor suppressor phosphatase
and tensin homolog (PTEN) (59) and BMI-1 is also
overexpressed in a stem-cell like subpopulation of NSCLC
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cells that are tumorigenic and resistant to cisplatin therapy
(60,61). It is of note that BMI1- negative patients receiving
adjuvant therapy had a better disease-free survival for stage
I and II NSCLC than BMI-1 positive patients (62).

Podocalyxin-like protein 1 (PODXL-1) is a glycosylated
cell surface sialomucin that shares genomic and structural
similarities to CD34 and endoglycan. Functionally, although
it can act as an adhesive receptor on rare high endothelial
venules, under most circumstances it has been found that it
acts as an anti-adhesin through its negatively-charged mucin
domain. This has been shown to play an important role in cell
migration, adhesion and lumen formation (62). PODXL-1
and BMI-1 have been expressed in SCLC due to aberrant
epigenetic changes (63) suggesting a histogenetic link between
developing proximal bronchi and SCLCs supporting the role
of PODXL-1 as a potential CSC marker in SCLC.

Conclusions

The CSC hypothesis states that tumor initiation, metastasis,
and recurrence may be driven by a subgroup of tumor cells
that have the capacity to self-renew and differentiate and
are resistant to current chemotherapy regimens.

There is evidence about the existence of CSCs in lung
cancer and much progress has been made in identifying the
characteristics and phenotypes of lung CSC despite the fact
there are multiple CSC pools that are highly heterogenous
and in a dymamic state. Distinguishing lung CSC markers
still remains challenging mainly due to the intratumoral
heterogeneity and high degree of plasticity that can cause
instability of the CSC phenotype and reversion of cell
surface markers. Lung CSC markers already underpin novel
therapeutic strategies for patients with lung cancer however
deeper insight is needed into the roles of self-renewal and
maintenance pathways in lung CSCs to accurately identify
the best molecular targets for therapy.
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